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Abstract
Remote island nations face a number of challenges in addressing concerns about shark
population status, including access to rigorously collected data and resources to manage
fisheries. At present, very little data are available on shark populations in the Solomon
Islands and scientific surveys to document shark and ray diversity and distribution have not
been completed. We aimed to provide a baseline of the relative abundance and diversity of
reef sharks and rays and assess the major drivers of reef shark abundance/biomass in the
Western Province of the Solomon Islands using stereo baited remote underwater video. On
average reef sharks were more abundant than in surrounding countries such as Fiji and
Indonesia, yet below that of remote islands without historical fishing pressure, suggesting
populations are relatively healthy but not pristine. We also assessed the influence of loca-
tion, habitat type/complexity, depth and prey biomass on reef shark abundance and bio-
mass. Location was the most important factor driving reef shark abundance and biomass
with two times the abundance and a 43% greater biomass of reef sharks in the more remote
locations, suggesting fishing may be impacting sharks in some areas. Our results give a
much needed baseline and suggest that reef shark populations are still relatively unex-
ploited, providing an opportunity for improved management of sharks and rays in the Solo-
mon Islands.
Introduction
Worldwide, many shark and ray populations are declining as a result of overexploitation
by fisheries [1–3]. Most shark species are slow growing, take several years to reach sexual
maturity, and produce few young, making them highly vulnerable to overfishing [4]. Globally,
total shark mortality needs to be reduced in order to rebuild depleted populations [5], but
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conservation needs vary dramatically between nations [6,7]. Remote island nations face a
number of challenges in addressing concerns about shark population status, including access
to rigorously collected data and resources to manage fisheries. Despite this, there is a small but
growing body of knowledge on the status of sharks in these areas [8,9].
Fishing pressure in the Solomon Islands is largely driven by population pressure and mar-
ket access, which have significant impacts on targeted fish and invertebrate communities
[10,11]. Subsistence fishers in the Solomon Islands traditionally target shallow-water estuarine
and reef fish, with only the occasional shark kept for local consumption or sale [12]. However,
sharks are directly targeted by some industrial longline vessels and caught as by-catch when
targeting tuna [13]. These commercial fisheries primarily target sharks for their fins as they
can be dried and stored, creating a profitable fishery despite sporadic markets and infrequent
opportunities for international export [13].
The indigenous people of the Solomon Islands, like other Melanesian countries, have
complex systems of customary marine tenure (CMT) under which fishing rules can be flexi-
bly applied and adjusted to regulate access to marine resources [14], though the nature of
CMT systems and those involved in decision-making vary across the country [15]. Since the
1990s, community-based resource management (CBRM) and community-based co-man-
agement approaches have been promoted to build on CMT arrangements to manage small-
scale coral-reef fisheries, including reef sharks [10,16]. While CBRM measures around the
western Pacific have demonstrated some success in maintaining fish populations [17], pro-
tection of highly vulnerable and mobile shark populations is likely to require additional top-
down controls, such as no-take areas or catch bans [18]. Some top down controls are being
considered by the Solomon Islands Government, who have developed a draft National Plan
of Action for sharks. For example, the draft plan makes recommendations for: catch restric-
tions where monitoring data indicate populations are threatened; and consideration of mor-
atoria during breeding seasons or no-take areas over known breeding habitats (S. Jupiter,
pers. comm.).
Baited remote underwater video systems (BRUVs) offer a non-destructive alternative to
fishing surveys (e.g. longlines), while providing similar estimates of shark abundance [19]. The
maximum number of each species seen at any one time during a video (MaxN; [20]) provides
a conservative estimate of abundance, though limits BRUV surveys to relative estimates rather
than densities. The use of bait increases the proportion of predatory species observed [21–23]
and overcomes the issue of small sample sizes, often associated with the use of diver-based sur-
veys when sampling sharks [24]. BRUVs have been used to survey a wide variety of sharks,
across a broad range of locations, to answer a diverse range of ecological questions [25–30].
However, to provide a comprehensive assessment of the entire fish assemblage, a combination
of both BRUVs and diver-based surveys is recommended, particularly for questions related to
herbivorous and invertivorous fishes [22,23,31].
At present, very little data are available on shark populations in the Solomon Islands, and
specific scientific surveys to document shark and ray diversity and distribution have not been
completed [32]. In support of national efforts to manage sharks, we assess the relative abun-
dance and biomass of reef sharks across four locations in the Solomon Islands using stereo
baited remote underwater video systems (stereo-BRUVs). Stereo-BRUV surveys of shark and
rays have been completed across the Indo-Pacific (e.g. Fiji [26], Indonesia [30] and New Cal-
edonia [33]), which will allow our results to be placed into context. We aimed to provide a
baseline of the relative abundance and diversity of reef sharks and rays and assess the major
drivers of reef shark abundance/biomass in the Solomon Islands, including the influence of
habitat type/complexity, depth, location and prey biomass (collected using diver-based
surveys).
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Material and methods
Study area
Sampling occurred between October 17—November 1, 2015, in four main locations: western
Kolombangara Island (Kolombangara), north-western Parara and Gizo islands (Parara/Gizo),
southern Vangunu Island (Vangunu), and eastern Gatokae and adjacent smaller islands (Gato-
kae) in the Western Province, Solomon Islands (Fig 1). The sites encompass a range of geo-
graphic and ecological features. Kolombangara, Gatokae and Vangunu are high, steep volcanic
islands with major river systems and associated sediment outflow. The southwestern reefs
adjacent to Kolombangara have a narrow fringe and steep drop-offs. Most of the sites sampled
around Parara and Gizo islands are sheltered from large wave exposure, with the exception of
the five sites on the western barrier reef off Parara Island (Fig 1). Sites surveyed off Vangunu
were along a submerged barrier reef with a crest at ~12 m. Sites surveyed off Gatokae were
moderately protected from wave exposure by a headland, while additional sites were sampled
on the protected leeward side of smaller, adjacent islands (Kicha, Malimali, Mbulo). The reef
Fig 1. Map of survey locations across the Western Province of the Solomon Islands.
https://doi.org/10.1371/journal.pone.0200960.g001
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surveyed at Kicha has been informally protected from fishing since 2010, although only two
deployments were completed here so protection status was not factored into the analysis.
While the particulars of social context vary, all of the sites are held under CMT by associ-
ated tribal groups, and usage rights are broadly dispersed across tribe members. Usage rights
for subsistence and artisanal fisheries are broadly open access, while large-scale commercial
operations (e.g., bait fishing operations during the late 1990s; c.f., [14]) are negotiated at the
tribal level. Several communities adjacent to the survey sites belong to the Seventh Day
Adventist church, meaning there are edicts against the harvesting and consumption of shark,
while others have customary links to sharks and do not harvest for those reasons. Because of
the physical location of the communities (adjacent to the reefs), it is likely that those on
Kolombangara are better able to monitor and restrict access to reefs when compared to Parara
and Gizo.
Sampling techniques and video analysis
Stereo-BRUV surveys. We used stereo-BRUVs to quantify reef shark abundance, biomass
and habitat at the four locations across the Western Province of the Solomon Islands (Fig 1).
Baited video is an effective tool for sampling the relative abundance of reef sharks [19,25,26].
At each location, sampling sites were randomly stratified along the barrier reef edge, with five
stereo-BRUVs haphazardly deployed on coral-reef habitat at random depths between 10 and
25 m. The location of each BRUV replicate was not randomly assigned due to a lack of prior
knowledge (i.e. bathymetry) for the locations surveyed. Adjacent deployments were separated
by a minimum of 500 m to reduce the likelihood of sharks moving between replicates. Systems
were left to film for 60 minutes, with bait consisting of 1 kg of skipjack tuna (Katsuwonus pela-
mis) in a plastic-coated wire mesh basket that was suspended 1.2 m in front of the two cameras.
The tuna was chopped into small pieces to promote dispersal of the bait plume. For details and
design of stereo-BRUV systems, see Harvey and Shortis [34]. A total of 108 hr of stereo-BRUV
footage was collected across the Western Province, with 28 hr in Parara/Gizo, 24 hr in Kolom-
bangara, 30 hr in Vangunu and 36 hr in Gatokae (Fig 1).
Stereo-DOV surveys. Stereo diver operated video (stereo-DOV) is more effective for
sampling herbivorous and invertivore species (which make up a large proportion of reef shark
diets [35]) when compared to BRUVs, so were used to survey reef fish and provide an estimate
of prey density across the same locations (Fig 1). All sampling sites were randomly stratified
along the barrier reef edge, targeting coral-reef habitat. At each site six 5 m by 50 m belt tran-
sects separated by 10 m were completed at depths between 8 and 12 m (to approximately
match the average depth of BRUV surveys), following the methods outlined in Goetze et al.
[31]. Transects took an average of 2 minutes and 3 seconds (± 1 sec SE) to complete.
The stereo-BRUVs and DOV systems in this study used GoPro Hero3+ Silver edition cam-
eras mounted 0.7 m apart on a base bar inwardly converged at seven degrees. This allowed for
a standardized field of view from 0.5 to 10 m for both systems [36].
Calibration. Stereo-video imagery was calibrated using the program CAL (http://www.
seagis.com.au/bundle.html), following the procedures outlined by Boutros et al. [37]. This
enabled measurements of the distance to, and angle of, the fish from the centre of the camera
and standardisation of the area surveyed. Individuals further than 10 m in front of (determined
by the minimum visibility) or 2.5 m to the left or right of the stereo systems were not recorded.
Video analysis. Identification and relative abundance estimates of sharks, rays and reef
fish species were made by viewing video footage in the program EventMeasure (http://www.
seagis.com.au/event.html). A MaxN was recorded for each shark and ray species observed dur-
ing each 60 min BRUV deployment and was used as a measure of relative abundance. For the
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DOVs, all fish species observed within the 5 x 50 m transect were counted, identified to the
lowest taxonomic level possible and measured. The fork length of fish and sharks was mea-
sured using stereo footage in EventMeasure and used to calculate biomass (kilograms) with
length-to-weight regressions from FishBase [38]. Procedures for video analysis followed
Goetze et al. [31], and data were extracted from EventMeasure software and checked following
Langlois et al [39].
Broad-scale habitat and vertical relief were analysed in the program TransectMeasure
(http://www.seagis.com.au/transect.html) following the method outlined in McLean et al. [40].
A 5 x 4 grid was overlaid on a high definition image for every individual BRUV deployment.
The dominant habitat type and relief was characterised within each rectangle using the CAT-
AMI classification scheme [41]. Habitat was selected from the broad habitat types: hard corals,
macroalgae, unconsolidated (sand/rubble), consolidated (rocky bottom) and soft corals. Grid
rectangles that were oriented to open water were classified as ‘no biota’ and removed before
analyses. If grid rectangles were not marked as open water, an estimate of relief was also made
and categorised from 0–5 based on the scheme in Wilson et al. [42], providing the mean relief
for each deployment. Data were extracted from TransectMeasure software and checked using
R code available in Langlois [43].
Species selection
The three species of reef sharks observed, Carcharhinus melanopterus, Triaenodon obesus and
Carcharhinus amblyrhynchos, were combined for statistical modelling as sample sizes were too
small to undertake single species analysis. Rays were also removed from statistical modelling
due to low numbers of individuals. To calculate prey biomass, fish families that were known to
be the prey of reef sharks were extracted from the stereo-DOV data and included: Acanthuri-
dae, Balistidae, Carangidae, Chaetodontidae, Haemulidae, Holocentridae, Labridae, Lethrini-
dae, Monacanthidae, Mullidae, Pomacentridae, Scaridae, Scombridae and Zanclidae [44–47].
Fishes of all sizes were included in calculations of prey biomass, as 99.5% were below 50 cm in
length and therefore likely to be predated upon.
Data analysis
The influence of location, habitat, prey density and depth on the relative abundance and
biomass of reef sharks (as derived from MaxN) was investigated using generalised additive
mixed models (GAMMs; [48]). To accommodate for over-dispersion and correlation in the
data, we extended the application of this class of models by including sites as a random effect
[49]. Model selection was based on Akaike Information Criterion (AIC; [50]) and AIC weights
(wAIC; [51]). A full subsets method was used to fit models of all possible combinations up to a
maximum of three variables to prevent overfitting. Models containing variables with correla-
tions>0.28 were excluded from the analysis to eliminate strong collinearity in line with rec-
ommendations from Graham [52]; this can cause problems with over-fitting and make
interpretation of statistical results difficult. Models with AIC values that differ by less than two
units show weak evidence for favouring one over the other [53,54]. The best model was there-
fore the one with the fewest variables (most parsimonious) and within two AIC units of the
lowest AIC value [54]. The wAIC, which represents probabilities or weights of evidence for
each model, was used to facilitate interpretation of the best models. Relative support for each
predictor variable was obtained by calculating the summed wAIC across all subsets of models
containing that variable to obtain its relative importance [54].
Prior to analyses, two habitat categories (macroalgae and soft corals) were removed due to
their limited coverage, and sand/rubble was excluded due to strong collinearity with the
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category reef. Models were fitted to untransformed abundance data using a Tweedie error dis-
tribution [55]. A Tweedie model is an extension of compound Poisson model derived from the
stochastic process where a gamma distribution is used for the counted or measured objects
(i.e., number or mass of fish) and has an advantage over delta-type two-step models by han-
dling the zero data in a unified way. All analyses were performed using the R language for
statistical computing [56] with the package GAMM4 version 0.2e3 [57]. Because P values
derived from GAMMs are usually approximates and typically too low [58], we used a weight of
evidence approach to test for significance in the factors identified by the most parsimonious
models. Univariate permutational analysis of variance and co-variance (PERMANOVA and
PERMANCOVA; with 9999 permutations and dissimilarity matrices constructed with Euclid-
ean distance) was used for significance testing and to explore pairwise comparisons between
locations in the PERMANOVA+ add-on to PRIMER [59].
Social surveys
As part of a wider project [60], fisher survey data were collected from fishers at four villages
adjacent to the sites on Parara, Kolombangara, Vangunu and Gatokae islands. These villages
only represent a subset of the population of fishers that may target sharks in our survey areas
and there are additional villages, as well as non-indigenous fishers, who are known to target
sharks, which were not captured by this sample.
There were two primary survey methodologies. Catch per unit effort (CPUE) surveys were
conducted with fishers at the four sites between February and October 2016. Following the for-
mat presented in Albert et al. [61], surveys were conducted approximately weekly by trained
community researchers. The community researchers weighed and measured all fish and inver-
tebrates brought back to the village, and noted details of the catch (time spent fishing, location,
method). We also conducted semi-structured interviews with five expert fishers at each site in
March 2017, to provide context for the shark survey data. These informants were asked three
broad questions that surveyed their perceptions of shark fishing on reefs managed by the com-
munity (S1 File).
Ethics statement
All human subject research was conducted under consent from community leaders and was
approved by the American Museum of Natural History’s ethics board. Animal ethics for fish
surveys were approved by the University of Western Australia, Animal Ethics Committee
under approval number RA/3/100/1161.
Results
A total of 163 sharks and rays were observed on the stereo-BRUVs, across 8 different species:
Carcharhinus melanopterus (n = 71), Triaenodon obesus (n = 39), Carcharhinus amblyrhynchos
(n = 31), Aetobatus ocellatus (n = 18) Negaprion acutidens (n = 2), Taeniura lessoni (n = 1), and
Urogymnus granulatus (n = 1). On average, 1.33 (SE = 0.12) reef sharks were recorded per 60
minute replicate. The largest shark observed was N. acutidens at 209 cm and the smallest was
C. amblyrhynchos at 56.7 cm (fork lengths). The average fork length across all locations for
C. amblyrhynchos was 77.2 cm (SE = 27.8), C. melanopterus 80.9 cm (SE = 12.2) and T. obesus
88.6 cm (SE = 16.2).
The best-fitted models utilising depth, habitat, location and prey biomass variables were
generated for the abundance and biomass of reef sharks across the Western Province, of the
Solomon Islands (Table 1). The variable importance plot illustrates the strength of these vari-
ables relative to each other (Fig 2). The most parsimonious model for the abundance of reef
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Table 1. Top GAMMs for predicting the abundance and biomass of reef sharks across the western province of the Solomon Islands from full subset analyses. Differ-
ence between lowest reported corrected Akaike Information Criterion (ΔAICc), AIC weights (ωAICc), variance explained (R2) and effective degrees of freedom (EDF) are
reported for model comparison. Model selection was based on the most parsimonious model (fewest variables) within two units of the lowest ΔAICc as shown in bold.
Variable Best models ΔAICc ωAICc R2 EDF
Abundance Location + Hard Coral x Location 0 0.308 0.163 7
Location +Depth 0.978 0.189 0.216 6.63
Location + Mean Relief + Depth 1.17 0.172 0.213 7.75
Biomass Location 0 0.137 0.098 4
Location + Depth 0.185 0.125 0.078 5
Location + Hard Coral x Location 0.232 0.122 0.103 7
Location + Consolidated 1.111 0.079 0.101 5.6
Location + Depth + Hard Coral x Location 1.495 0.065 0.119 8.18
Prey Biomass 1.518 0.064 0.083 5
Location + Hard Coral 1.669 0.06 0.092 5.52
https://doi.org/10.1371/journal.pone.0200960.t001
Fig 2. Importance scores for each explanatory variable in predicting the abundance and biomass of reef sharks.
https://doi.org/10.1371/journal.pone.0200960.g002
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sharks included location and depth, which explained 22% of the variance in their distribution
(Table 1). Location also occurred in the second top model, importance scores indicated that it
was an important variable across all possible models (Fig 2, Table 1) and a significant differ-
ence was observed with PERMANCOVA tests (P< 0.001, Pseudo-F = 8.79, df = 2; Fig 3a).
Depth was included in the top model and a significant increase in the abundance of reef sharks
was observed with depth (P = 0.022, Pseudo-F = 2.93, df = 1; Fig 3b). Location was the only fac-
tor included in the top model and was the most important factor influencing the biomass of
reef sharks (Fig 2, Table 1) with a significant difference observed with PERMANOVA tests
(P = 0.046, Pseudo-F = 3.23, df = 2). The habitat variables (hard coral and rock), mean relief
and prey biomass were not included in the top models for abundance or biomass (Table 1,
Fig 2).
Pairwise comparisons between locations showed that the abundance of reef sharks was sig-
nificantly greater (~2 times) in the more remote locations Gatokae and Vangunu when com-
pared to Parara/Gizo (P = 0.001, t = 4.23; Fig 3a). There was a 47% greater abundance of reef
sharks observed at Kolombangara when compared to Parara/Gizo, although this was not sig-
nificant (P = 0.079, t = 1.82). Pairwise comparisons revealed the average biomass at the more
remote locations Gatokae and Vangunu was 43% greater than Parara/Gizo, although again
was not significant (P = 0.089, t = 1.72; Fig 4).
Fig 3. (a) The mean abundance of reef sharks per 60 minute replicate (MaxN) across locations and (b) The abundance of reef sharks (MaxN)
across depth. Solid lines are fitted gam curves, with dashed lines indicating standard error confidence bands.
https://doi.org/10.1371/journal.pone.0200960.g003
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Survey data
CPUE surveys recorded 833 fishing instances across the four communities. Only one shark, a
blacktip reef shark (C. melanopterus) on Parara Island, was recorded in the CPUE effort across
all survey locations. This shark was kept for local consumption.
Interview data
Semi-structured interview data provided additional context for the ecological surveys. Some
fishers at Kolombangara and Parara said that they had seen shark fishers setting buoys in the
past, and when buyers were present in Gizo they could be seen over 20 times a year. Fishers at
both Vavanga and Parara noted that there had been little shark fishing activity over 2016 and
2017 because there had been no buyers of fins, though they did note there had been some fish-
ing towards the end of 2015. On Gatokae and Vangunu, interviewees had seen shark fishermen
occasionally in the past but did not think it to be a current threat. No interviewees perceived it
to have been an issue over the past 3–5 years. No interviewees mentioned consumption of
Fig 4. The mean biomass of reef sharks and rays per 60 minute replicate (MaxN) across locations.
https://doi.org/10.1371/journal.pone.0200960.g004
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sharks for food, which is not surprising given that two of the communities belong to the Sev-
enth Day Adventist church, whose teachings forbid the consumption of shark.
Discussion
We provide the first assessment of the relative abundance, biomass and diversity of reef
sharks and rays for the Solomon Islands where this information is historically lacking [32].
When compared to studies using the same methodology, our observation of 1.33 reef sharks
per hour was above the average of comparable habitats in the western Indo-Pacific both inside
and outside of no-take marine reserves in Fiji (Protected: 0.8, Fished: 0.3; [26]) and Indonesia
(Protected: 0.8/0.6, Fished: <0.1; [30]), and well above other areas globally where severe over-
fishing has occurred (i.e. the Eastern Red Sea; <0.01 sharks per hour [29]). However, relative
abundance estimates were lower than remote areas of the Pacific, where reef sharks have not
been exploited (e.g. remote areas of New Caledonia >2.5 sharks per hour [33] and Palmyra
Atoll; C. melanopterus >2 sharks per hour [62]). Combined, these results suggest that reef
shark populations in the Solomon Islands are relatively healthy when compared to nearby
countries, yet likely to have been impacted by fishing given they are not comparable to remote
areas without fishing pressure.
The diversity of reef sharks (as observed using baited video) was dominated by three spe-
cies: C. melanopterus, T. obesus and C. amblyrhynchos. These coral-reef Carcharhinidae are
found commonly throughout the tropical Indo-Pacific [63], and while ongoing collapses of
reef shark populations have been documented in some areas [64], this varies greatly depending
on the location [8,27]. We found that location was the most important factor influencing reef
sharks across the Solomon Islands, which was primarily driven by a significantly greater abun-
dance and biomass of sharks in the more remote locations of Gatokae and Vangunu.
The biomass of reef sharks at Kolombangara was similar to Parara/Gizo, and combined
with abundance results, suggests that sharks were more numerous but not larger. It is common
to record different results between abundance and biomass with finfish data [65–67]. Here, the
increased abundance of sharks but not size within the customary managed area of Kolomban-
gara may be due to the fact that larger sharks generally have larger home ranges [68–70]. This
would increase the time spent in areas where sharks are more easily targeted, making these
larger sharks more vulnerable to fishing mortality when compared to smaller sharks with a
higher site-residency [71].
Previous studies have shown that prey biomass [26,72] and coral-reef health [27,73,74] are
important drivers for the abundance of reef sharks. These factors were not the primary drivers
for reef shark abundance or biomass observed in the Western Province of the Solomon Islands,
and instead location was the most important factor. It is likely that the difference in locations
was primarily driven by proximity to increased fishing pressure around the Gizo area, however
further work is needed to confirm this. Studies in the Caribbean have shown that fishing pres-
sure can be a more important driver of reef shark abundance when compared to environmen-
tal factors [25]. While we would expect both prey density and habitat to have an impact on
shark populations in the Solomon Islands, it is likely that fishing pressure is having a greater
effect and a relatively healthy coral-reef environment throughout the Western Province has
contributed to this result. We also acknowledge that we have only used finfish density as a
proxy for reef shark prey, and while benthic fishes make up the largest proportion of their diet
[46,47,75], a recent review suggests that reef sharks also consume a large proportion of cepha-
lopods and crustaceans [35,72].
There are a number of physical and structural differences that vary across regions [76] that
may have explained additional variation in reef shark abundance and biomass. For example,
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studies have shown that temperature [77], productivity [8], wave energy and broad-scale struc-
tural complexity [78] can all impact on the distribution of reef sharks and fish. These factors
were not examined here as detailed information was not available (i.e. fine scale bathymetry)
or they were expected to vary across the different species of sharks that were grouped together
(e.g. broad-scale habitat preferences for T. obesus vs. C. amblyrhynchos).
Shark fishing for fins has a long history in Western Province [13], and at certain times is
likely to have occurred around all sites covered by this survey. Small-scale, inshore shark fish-
ing operations are permitted under Solomon Island laws, while commercial offshore opera-
tions are banned. However, shark fin buyers do occasionally operate in Gizo and the capital
Honiara. The sites off Kolombangara, Parara and Gizo islands are close to potential buyers in
Gizo (between 5 and 25 km) and fishers on Parara and Gatokae islands have reported sporadic,
small-scale longline operations targeting mainly grey reef sharks close to the reef edge.
The lack of sharks in the CPUE and interview data across all survey locations suggests
local fishers preferentially target shallow-water estuarine and reef fish, and keep only the
occasional shark for local consumption or sale [12]. It is possible that this is a driver of the
relatively healthy population of reef sharks observed in these surveys. The low level of exploi-
tation for reef sharks across our sites may also be due to the cultural importance of sharks in
parts of the Solomon Islands, where they are sometimes regarded as embodiments of gods,
guardians and protectors [32,79,80]. However, more recently the traditional symbolism and
values that were associated with sharks and rays has begun to lose its significance and inter-
national markets for shark meat and fins are believed to occur in small-scale fisheries
throughout the Solomon Islands [32]. In terms of the potentially greater abundance of sharks
in Kolombangara, it is notable that the Gizo and Parara sites are close to large populations of
non-indigenous fishers who are known to target sharks. This is further supported by the fact
that the reefs in Kolombangara are directly adjacent to communities and are therefore more
actively and easily policed. It is possible that fishing pressure from non-local fishers is
impacting on shark abundance at some of these sites, though further targeted research is
needed to assess this.
We provide the first assessment of reef sharks and rays across the Western Province of the
Solomon Islands using stereo-BRUVs. While reef shark abundance and biomass were rela-
tively high when compared to neighbouring countries in the Indo-Pacific (although below
those of remote areas), a significantly lower abundance of reef sharks at sites around Parara
and Gizo indicate that fishing pressure may be impacting on populations in these areas. A
broader scale study across a larger range of locations and habitats (i.e. lagoons and mangroves)
would provide important information to assist in the conservation and management of sharks
and rays across the Solomon Islands. Sampling effort in this study was limited to a snapshot of
the relative abundance and biomass of sharks and rays, however, these levels are unlikely to
vary significantly across seasons due to the high site fidelity of reef sharks [77,81,82]. Our
results provide a baseline that suggests reef shark population in the Solomon Islands are still
relatively unexploited, providing an opportunity for improved conservation and fisheries man-
agement to protect existent populations.
Supporting information
S1 File. Questions asked during semi-structured interviews.
(DOCX)
S2 File. Raw data from BRUV and DOV surveys.
(ZIP)
Distribution of reef sharks in the Solomon Islands
PLOS ONE | https://doi.org/10.1371/journal.pone.0200960 July 30, 2018 11 / 16
Acknowledgments
These surveys were conducted in the customary waters of tribes on Kolombangara, Parara,
Gatokae and Vangunu islands. We acknowledge the authority of leaders at each site who
approved this work and thank them for their support. This work was conducted with the sup-
port of Solomon Island organisations, including the Solomon Islands Community Conserva-
tion Partnership and the Kolombangara Island Biodiversity Conservation Association. This
work was carried out under a research permit granted to the American Museum of Natural
History by the Solomon Islands Government (Ministry for Environment, Climate Change and
Disaster Management). This work is contribution #3 of the Global FinPrint Project, funded by
Paul G. Allen Philanthropies under grant number 11861. Additional support was provided by
the Wildlife Conservation Society from the John D. and Catherine T. MacArthur Foundation
(grant #13-105118-000-INP) and by the National Science Foundation (grant #EF-1427453).
Any opinions, findings and conclusions or recommendations expressed in this material are
those of the authors and do not necessarily reflect the views of the National Science Founda-
tion. We would also like to thank Matt Birt and Waisea Batilekaleka for assistance in the field.
Video analysis was facilitated thanks to Samantha Sherman, Laura Fullwood and Waisea
Batilekaleka.
Author Contributions
Conceptualization: Jordan S. Goetze, Colin A. Simpfendorfer, Stacy D. Jupiter.
Formal analysis: Jordan S. Goetze, Tim J. Langlois.
Funding acquisition: Colin A. Simpfendorfer, Stacy D. Jupiter.
Investigation: Jordan S. Goetze, Joe McCarter, Alec Hughes, Jacob Tingo Leve, Stacy D.
Jupiter.
Methodology: Jordan S. Goetze, Joe McCarter, Alec Hughes, Jacob Tingo Leve.
Project administration: Stacy D. Jupiter.
Resources: Jordan S. Goetze, Tim J. Langlois, Joe McCarter, Stacy D. Jupiter.
Writing – original draft: Jordan S. Goetze, Jacob Tingo Leve.
Writing – review & editing: Jordan S. Goetze, Tim J. Langlois, Joe McCarter, Colin A. Simp-
fendorfer, Alec Hughes, Stacy D. Jupiter.
References
1. Myers RA, Worm B. Rapid worldwide depletion of predatory fish communities. Nature. 2003; 423: 280–
283. https://doi.org/10.1038/nature01610 PMID: 12748640
2. Myers RA, Baum JK, Shepherd TD, Powers SP, Peterson CH. Cascading effects of the loss of apex
predatory sharks from a coastal ocean. Science. 2007; 315: 1846–1850. https://doi.org/10.1126/
science.1138657 PMID: 17395829
3. Dulvy NK, Fowler SL, Musick JA, Cavanagh RD, Kyne PM, Harrison LR, et al. Extinction risk and con-
servation of the world’s sharks and rays. eLife Sciences. 2014; 3: e00590.
4. Smith SE, Au DW, Show C. Intrinsic rebound potentials of 26 species of Pacific sharks. Mar Freshwater
Res. 1998; 49: 663–678.
5. Worm B, Davis B, Kettemer L, Ward-Paige CA, Chapman D, Heithaus MR, et al. Global catches, exploi-
tation rates, and rebuilding options for sharks. Mar Policy. 2013; 40: 194–204.
6. Simpfendorfer CA, Dulvy NK. Bright spots of sustainable shark fishing. Curr Biol. 2017; 27: R97–R98.
https://doi.org/10.1016/j.cub.2016.12.017 PMID: 28171764
Distribution of reef sharks in the Solomon Islands
PLOS ONE | https://doi.org/10.1371/journal.pone.0200960 July 30, 2018 12 / 16
7. Dulvy NK, Simpfendorfer CA, Davidson LNK, Fordham SV, Bra¨utigam A, Sant G, et al. Challenges and
priorities in shark and ray conservation. Curr Biol. 2017; 27: R565–R572. https://doi.org/10.1016/j.cub.
2017.04.038 PMID: 28586694
8. Nadon MO, Baum JK, Williams ID, McPherson JM, Zgliczynski BJ, Richards BL, et al. Re-creating miss-
ing population baselines for Pacific reef sharks. Conserv Biol. 2012; 26: 493–503. https://doi.org/10.
1111/j.1523-1739.2012.01835.x PMID: 22536842
9. Bradley D, Conklin E, Papastamatiou YP, McCauley DJ, Pollock K, Pollock A, et al. Resetting predator
baselines in coral reef ecosystems. Sci Rep. 2017; 7: 43131. https://doi.org/10.1038/srep43131 PMID:
28220895
10. Richards AH, Bell LJ, Bell JD. Inshore fisheries resources of Solomon Islands. Mar Pollut Bull. 1994;
29: 90–98.
11. Brewer TD, Cinner JE, Fisher R, Green A, Wilson SK. Market access, population density, and socioeco-
nomic development explain diversity and functional group biomass of coral reef fish assemblages. Glob
Environ Change. 5/2012; 22: 399–406.
12. Skewes T, Others. Marine resource profiles: Solomon islands. South Pacific Forum Fisheries Agency;
1990. http://www.spc.int/DigitalLibrary/Doc/FAME/FFA/Reports/FFA_1990_061.pdf
13. Barclay K, Kinch J. Local capitalisms and sustainability in coastal fisheries: cases from Papua New
Guinea and Solomon Islands. Engaging with capitalism: cases from Oceania. 2013. pp. 107–138.
14. Hviding E. Contextual flexibility: present status and future of customary marine tenure in Solomon
Islands. Ocean Coast Manag. Elsevier; 1998; 40: 253–269.
15. Aswani S, Albert S, Love M. One size does not fit all: Critical insights for effective community-based
resource management in Melanesia. Mar Policy. 2017; 81: 381–391.
16. Cohen P, Evans L, Govan H. Community-based, co-management for governing small-scale fisheries of
the Pacific: a Solomon Islands’ case study. Interactive Governance for Small-Scale Fisheries. Springer;
2015. pp. 39–59.
17. Jupiter SD, Cohen PJ, Weeks R, Tawake A, Govan H. Locally-managed marine areas: multiple objec-
tives and diverse strategies. Pac Conserv Biol. 2014; 20: 165–179.
18. Aswani S, Ruddle K. Design of realistic hybrid marine resource management programs in Oceania. Pac
Sci. University of Hawai’i Press; 2013; 67: 461–476.
19. Brooks EJ, Sloman KA, Sims DW, Danylchuk AJ. Validating the use of baited remote underwater video
surveys for assessing the diversity, distribution and abundance of sharks in the Bahamas. Endanger
Species Res. 2011; 13: 231–243.
20. Priede IG, Bagley PM, Smith A, Creasey S, Merrett NR. Scavenging deep demersal fishes of the Porcu-
pine Seabight, north-east Atlantic: observations by baited camera, trap and trawl. J Mar Biol Assoc U K.
1994; 74: 481–498.
21. Cappo M, Harvey E, Malcolm H, Speare P. Potential of video techniques to monitor diversity, abun-
dance and size of fish in studies of marine protected areas. Aquatic Protected Areas. 2003; 455–464.
22. Watson DL, Harvey ES, Fitzpatrick BM, Langlois TJ, Shedrawi G. Assessing reef fish assemblage
structure: how do different stereo-video techniques compare? Mar Biol. 6/2010; 157: 1237–1250.
23. Langlois TJ, Chabanet P, Pelletier D, Harvey E. Baited underwater video for assessing reef fish popula-
tions in marine reserves. Fisheries Newsletter-South Pacific Commision. 2006; 118: 53.
24. McCauley DJ, McLean KA, Bauer J, Young HS, Micheli F. Evaluating the performance of methods for
estimating the abundance of rapidly declining coastal shark populations. Ecol Appl. 2012; 22: 385–392.
PMID: 22611841
25. Bond ME, Babcock EA, Pikitch EK, Abercrombie DL, Lamb NF, Chapman DD. Reef sharks exhibit site-
fidelity and higher relative abundance in marine reserves on the Mesoamerican Barrier Reef. PLoS
One. 2012; 7: e32983. https://doi.org/10.1371/journal.pone.0032983 PMID: 22412965
26. Goetze JS, Fullwood LAF. Fiji’s largest marine reserve benefits reef sharks. Coral Reefs. 2013; 32:
121–125.
27. Espinoza M, Cappo M, Heupel MR, Tobin AJ, Simpfendorfer CA. Quantifying shark distribution patterns
and species-habitat associations: implications of marine park zoning. PLoS One. 2014; 9: e106885.
https://doi.org/10.1371/journal.pone.0106885 PMID: 25207545
28. Harasti D, Lee KA, Laird R, Bradford R, Bruce B. Use of stereo baited remote underwater video systems
to estimate the presence and size of white sharks (Carcharodon carcharias). Mar Freshwater Res.
CSIRO Publishing; 2017; 68: 1391–1396.
29. Spaet JLY, Nanninga GB, Berumen ML. Ongoing decline of shark populations in the Eastern Red Sea.
Biol Conserv. 2016; 201: 20–28.
Distribution of reef sharks in the Solomon Islands
PLOS ONE | https://doi.org/10.1371/journal.pone.0200960 July 30, 2018 13 / 16
30. Jaiteh VF, Lindfield SJ, Mangubhai S, Warren C, Fitzpatrick B, Loneragan NR. Higher abundance of
marine predators and changes in fishers’ behavior following spatial protection within the world’s biggest
shark fishery. Front Mar Sci. Frontiers; 2016; 3. https://doi.org/10.3389/fmars.2016.00043
31. Goetze JS, Jupiter SD, Langlois TJ, Wilson SK, Harvey ES, Bond T, et al. Diver operated video most
accurately detects the impacts of fishing within periodically harvested closures. J Exp Mar Bio Ecol.
2015; 462: 74–82.
32. Hylton S, White WT, Chin A. The sharks and rays of the Solomon Islands: a synthesis of their biological
diversity, values and conservation status. Pac Conserv Biol. 2018; 23: 324–334.
33. Juhel J-B, Vigliola L, Mouillot D, Kulbicki M, Letessier TB, Meeuwig JJ, et al. Reef accessibility impairs
the protection of sharks. Blanchard J, editor. J Appl Ecol. Wiley Online Library; 2018; 55: 673–683.
34. Harvey ES, Shortis MR. Calibration stability of an underwater stereo-video system: implications for
measurement accuracy and precision. Mar Technol Soc J. 1998; 32: 3–17.
35. Frisch AJ, Ireland M, Rizzari JR, Lo¨nnstedt OM, Magnenat KA, Mirbach CE, et al. Reassessing the tro-
phic role of reef sharks as apex predators on coral reefs. Coral Reefs. 2016; 35: 459–472.
36. Harvey ES, Goetze JS, McLaren B, Langlois T, Shortis MR. Influence of range, angle of view, image
resolution and image compression on underwater stereo-video measurements: high-definition and
broadcast-resolution video cameras compared. Mar Technol Soc J. 2010; 44: 75–85.
37. Boutros N, Shortis MR, Harvey ES. A comparison of calibration methods and system configurations of
underwater stereo-video systems for applications in marine ecology. Limnol Oceanogr Methods. 2015;
13: 224–236.
38. Froese R, Pauly D. FishBase [Internet]. 2015 [cited 21 May 2015]. http://www.fishbase.org/
39. Langlois TJ, Bellchambers LM, Fisher R, Shiell GR, Goetze J, Fullwood L, et al. Investigating ecosys-
tem processes using targeted fisheries closures: can small-bodied invertivore fish be used as indicators
for the effects of western rock lobster fishing? Mar Freshwater Res. 2017; 68: 1251–1259.
40. McLean DL, Langlois TJ, Newman SJ, Holmes TH, Birt MJ, Bornt KR, et al. Distribution, abundance,
diversity and habitat associations of fishes across a bioregion experiencing rapid coastal development.
Estuar Coast Shelf Sci. 2016; 178: 36–47.
41. Althaus F, Hill N, Edwards L, Ferrari R. CATAMI Classification Scheme for scoring marine biota and
substrata in underwater imagery—A pictorial guide to the Collaborative and Annotation Tools for Analy-
sis of Marine Imagery and Video (CATAMI) classification scheme. Version 1 [Internet]. 2013. http://
catami.org/classification
42. Wilson SK, Graham NAJ, Polunin NVC. Appraisal of visual assessments of habitat complexity and ben-
thic composition on coral reefs. Mar Biol. Springer-Verlag; 2007; 151: 1069–1076.
43. Langlois. TJ. Habitat-annotation-of-forward-facing- benthic-imagery: R code and user manual version
1.0.1 [Internet]. 2017 [cited 18 Sep 2017]. https://doi.org/10.5281/zenodo.893622
44. Stevens JD. Life-history and ecology of sharks at Aldabra Atoll, Indian Ocean. Proceedings of the Royal
Society B: Biological Sciences. 1984; 222: 79–106.
45. Salini JP, Blaber S, Brewer DT. Diets of sharks from estuaries and adjacent waters of the North-eastern
Gulf of Carpentaria, Australia. Mar Freshwater Res. 1992; 43: 87.
46. Wetherbee BM, Crow GL, Lowe CG. Distribution, reproduction and diet of the gray reef shark Carchar-
hinus amblyrhynchos in Hawaii. Mar Ecol Prog Ser. 1997; 151: 181–189.
47. Papastamatiou YP, Wetherbee BM, Lowe CG, Crow GL. Distribution and diet of four species of carchar-
hinid shark in the Hawaiian Islands: evidence for resource partitioning and competitive exclusion. Mar
Ecol Prog Ser. 2006; 320: 239–251.
48. Lin X, Zhang D. Inference in generalized additive mixed models by using smoothing splines. J R Stat
Soc Series B Stat Methodol. Blackwell Publishers Ltd.; 1999; 61: 381–400.
49. Harrison XA. A comparison of observation-level random effect and Beta-Binomial models for modelling
overdispersion in Binomial data in ecology & evolution. PeerJ. 2015; 3: e1114. https://doi.org/10.7717/
peerj.1114 PMID: 26244118
50. Akaike H. Information theory and an extension of the maximum likelihood principle. In: Parzen E,
Tanabe K, Kitagawa G, editors. Selected Papers of Hirotugu Akaike. New York, NY: Springer New
York; 1998. pp. 199–213.
51. Burnham KP, Anderson DR. Model selection and multimodel inference: a practical information-theoretic
approach. Springer Science & Business Media; 2007.
52. Graham MH. Confronting multicollinearity in ecological multiple regression. Ecology. Ecological Society
of America; 2003; 84: 2809–2815.
53. Raftery AE. Bayesian model selection in social research. Sociol Methodol. [American Sociological
Association, Wiley, Sage Publications, Inc.]; 1995; 25: 111–163.
Distribution of reef sharks in the Solomon Islands
PLOS ONE | https://doi.org/10.1371/journal.pone.0200960 July 30, 2018 14 / 16
54. Burnham KP, Anderson DR. Multimodel inference: understanding AIC and BIC in model selection.
Sociol Methods Res. Sage Publications Sage CA: Thousand Oaks, CA; 2004; 33: 261–304.
55. Tweedie M. An index which distinguishes between some important exponential families. Statistics:
Applications and new directions: Proc Indian statistical institute golden Jubilee International conference.
1984. p. 6o4.
56. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria [Internet]. 2013 [cited 21 Jan 2017]. http://www.R-project.org/
57. Wood S, Scheipl F, Wood MS. Package “gamm4.” 2017; ftp://linorg.usp.br/CRAN/web/packages/
gamm4/gamm4.pdf
58. Wood S. The mgcv Package [Internet]. http://ftp.auckland.ac.nz/software/CRAN/doc/packages/mgcv.
pdf
59. Anderson M, Gorley RN, Clarke RK. PERMANOVA+ for PRIMER: Guide to software and statistical
methods. Plymouth, UK: PRIMER-E; 2008.
60. McCarter J, Sterling E, Jupiter S, Cullman G, Albert S, Basi M, et al. Biocultural approaches to develop-
ing well-being indicators in Solomon Islands. Ecol Soc. The Resilience Alliance; 2018; 23. https://doi.
org/10.5751/ES-09867-230132
61. Albert JA, Beare D, Schwarz A-M, Albert S, Warren R, Teri J, et al. The contribution of nearshore fish
aggregating devices (FADs) to food security and livelihoods in Solomon Islands. PLoS One. 2014; 9:
e115386. https://doi.org/10.1371/journal.pone.0115386 PMID: 25513808
62. Bradley D, Papastamatiou YP, Caselle JE. No persistent behavioural effects of SCUBA diving on reef
sharks. Mar Ecol Prog Ser. 2017; 567: 173–184.
63. Last PR, Stevens JD. Sharks and rays of Australia. Australia: CSIRO; ISBN: 0-643-05143-0; 1994.
64. Robbins WD, Hisano M, Connolly SR, Choat JH. Ongoing Collapse of Coral-Reef Shark Populations.
Curr Biol. 2006; 16: 2314–2319. https://doi.org/10.1016/j.cub.2006.09.044 PMID: 17141612
65. Goetze JS, Januchowski-Hartley FA, Claudet J, Langlois TJ, Wilson SK, Jupiter SD. Fish wariness is a
more sensitive indicator to changes in fishing pressure than abundance, length or biomass. Ecol Appl.
2017; 27: 1178–1189. https://doi.org/10.1002/eap.1511 PMID: 28140527
66. McClanahan TR, Graham NAJ, Calnan JM, MacNeil MA. Toward pristine biomass: reef fish recovery in
coral reef marine protected areas in Kenya. Ecol Appl. 2007; 17: 1055–1067. PMID: 17555218
67. Nash KL, Graham NAJ. Ecological indicators for coral reef fisheries management. Fish Fish. 2016; 17:
1029–1054.
68. Heupel MR, Simpfendorfer CA, Hueter RE. Estimation of shark home ranges using passive monitoring
techniques. Environ Biol Fishes. Kluwer Academic Publishers; 2004; 71: 135–142.
69. Knip DM, Heupel MR, Simpfendorfer CA, Tobin AJ, Moloney J. Ontogenetic shifts in movement and
habitat use of juvenile pigeye sharks Carcharhinus amboinensis in a tropical nearshore region. Mar
Ecol Prog Ser. Inter-Research Science Center; 2011; 425: 233–246.
70. Grubbs RD. Ontogenetic shifts in movements and habitat use. Sharks and their relatives II: biodiversity,
adaptive physiology, and conservation CRC Press, Boca Raton, Florida. 2010; 319–350.
71. Myers RA, Worm B. Extinction, survival or recovery of large predatory fishes. Philos Trans R Soc Lond
B Biol Sci. 2005; 360: 13–20. https://doi.org/10.1098/rstb.2004.1573 PMID: 15713586
72. Roff G, Doropoulos C, Rogers A, Bozec Y-M, Krueck NC, Aurellado E, et al. The ecological role of
sharks on coral reefs. Trends Ecol Evol. 2016; http://www.sciencedirect.com/science/article/pii/
S0169534716000598
73. Sandin SA, Smith JE, Demartini EE, Dinsdale EA, Donner SD, Friedlander AM, et al. Baselines and
degradation of coral reefs in the Northern Line Islands. PLoS One. 2008; 3: e1548. https://doi.org/10.
1371/journal.pone.0001548 PMID: 18301734
74. Rizzari JR, Frisch AJ, Magnenat KA. Diversity, abundance, and distribution of reef sharks on outer-
shelf reefs of the Great Barrier Reef, Australia. Mar Biol. 2014; 161: 2847–2855.
75. Randall JE. Contribution to the biology of the whitetip reef shark (Triaenodon obesus). University of
Hawaii Press; 1977; http://scholarspace.manoa.hawaii.edu/bitstream/10125/1188/1/v31n2-143-164.
pdf
76. Gove JM, Williams GJ, McManus MA, Heron SF, Sandin SA, Vetter OJ, et al. Quantifying climatological
ranges and anomalies for Pacific coral reef ecosystems. PLoS One. 2013; 8: e61974. https://doi.org/10.
1371/journal.pone.0061974 PMID: 23637939
77. Vianna GMS, Meekan MG, Meeuwig JJ, Speed CW. Environmental influences on patterns of vertical
movement and site fidelity of grey reef sharks (Carcharhinus amblyrhynchos) at aggregation sites.
PLoS One. 2013; 8: e60331. https://doi.org/10.1371/journal.pone.0060331 PMID: 23593193
Distribution of reef sharks in the Solomon Islands
PLOS ONE | https://doi.org/10.1371/journal.pone.0200960 July 30, 2018 15 / 16
78. Friedlander AM, Brown EK, Jokiel PL, Smith WR, Rodgers KS. Effects of habitat, wave exposure, and
marine protected area status on coral reef fish assemblages in the Hawaiian archipelago. Coral Reefs.
2003; 22: 291–305.
79. Thaman RR, Puia T, Tongabaea W, Namona A, Fong T. Marine biodiversity and ethnobiodiversity of
Bellona (Mungiki) Island, Solomon Islands. Singap J Trop Geogr. Blackwell Publishing Asia; 2010; 31:
70–84.
80. Hviding E. Guardians of marovo lagoon: practice, place, and politics in maritime Melanesia. University
of Hawaii Press; 1996.
81. Espinoza M, Heupel MR, Tobin AJ, Simpfendorfer CA. Residency patterns and movements of grey reef
sharks (Carcharhinus amblyrhynchos) in semi-isolated coral reef habitats. Mar Biol. 2015; 162: 343–
358.
82. Speed CW, Meekan MG, Field IC, McMahon CR, Harcourt RG, Stevens JD, et al. Reef shark move-
ments relative to a coastal marine protected area. Regional Studies in Marine Science. 2016; 3: 58–66.
Distribution of reef sharks in the Solomon Islands
PLOS ONE | https://doi.org/10.1371/journal.pone.0200960 July 30, 2018 16 / 16
